We fabricate samples of aluminum ultrathin films with hexagonal nanohole arrays and characterize the transmission performance. High optical transmittance larger than 60% over a broad wavelength range from 430 nm to 750 nm is attained experimentally. The Fano-type resonance of the excited surface plasmon plaritons and the directly transmitted light attribute to both of the broadband transmission enhancement and the transmission suppression dips. electrode based on a metal nanotrough network," Nat. Nanotechnol. 8(6), 421-425 (2013 
Introduction
Transparent electrodes (TEs) are the essential components for optoelectronic devices such as light emitting diodes (LEDs) and solar cells. In recent decades, Indium doped tin oxide (ITO) thin films have been widely used as TEs in the optoelectronic devices. However, the cost of ITO is high due to the limited source of indium on Earth. Also, ITO film is brittle and not applicable for flexible devices [1] . Moreover, indium element easily penetrates to organic active layer and causes the performance degradation of the organic optoelectronic devices [2] . Due to the above mentioned drawbacks, alternative candidates such as ultrathin metal films [3, 4] , random metal nanowires [5- Nanostructured metal-based thin films have attracted much attention as one of the promising candidates for TEs. Harnessing the intrinsic high conductivity of metals that gives low sheet resistance, high transmittance can be achieved simultaneously by nano-structuring metal films. For example, transmittance as high as 90% and resistance as low as 2 Ω/sq have been simultaneously achieved by the random nanotrough gold network [13] . However, these types of random nanostructures are lack of uniformity and ordering. Instead, uniform and ordered metal nanogrids have also been proposed and studied extensively. It is reported in [22] , transmittance of 91% and resistance of 6.5 Ω/sq have been achieved.
On the other hand, metal thin films with ordered subwavelength hole arrays also have been studied intensively due to the possibility of low cost and large area fabrication. It is reported in [33] , thin copper film with order nanohole arrays has achieved a transmittance of ~80% and sheet resistance of ~17 Ω/sq. In [37], laser perforated ultrathin Ag film has been fabricated with transmittance of ~80% and sheet resistance of 54.6 Ω/sq. However, the transmittance and sheet resistance are still not comparable to those of ITO's. It is predicted theoretically that the aluminum (Al) nanohole meshes should have better optical and electrical performances than other studied metals such as silver, gold, copper and nickel [30] . Yet, the recent experimentally reported optical transmission is still less than 50% which is far lower than the requirement for TEs [28] . In this paper, we study the optical properties of Al ultrathin film with hexagonal nanohole arrays. Both experiments and simulations are performed for different nanohole arrays. Broadband enhanced transmission with transmittance over 60% from 430 nm to 750 nm is attained experimentally for the Al ultrathin film with hexagonal nanohole arrays. The underlying physics for such enhancement is also studied in detail. 
Experimental methods

Al nanohole structure fabrication
Experimental Al ultrathin films with hexagonal nanohole arrays are fabricated via electronbeam (E-beam) lithography. The fabrication process is briefly described as follows: (1) quartz substrates were cleaned and sputtered with aluminum layer; (2) PMMA (950K) was spincoated on the surface of the aluminum layer to a thickness of 90 nm; (3) exposure of nanohole arrays with e-beam writer (CRESTEC 9500C). The accelerating voltage of the electron beam was 50 kV and the beam current was 200 pA; (4) development of the exposed nanoholes with IPA-DI developer, a mixture of isopropyl alcohol (IPA) and deionized (DI) water in a volume ratio 7:3; (5) the developed samples were then put to an etcher (Oxford Plasma 100) for etching. In the etching process, the PMMA resist worked as mask. The developed patterns (holes) were etched though to get aluminum nanohole arrays; (6) after the etching, the residual PMMA resist was removed with acetone and then cleaned with oxygen plasma. Samples of three types of hexagonal nanohole arrays are fabricated as shown in Fig. 1(a)-1(c) . The periodicity is indicated as a and the radius of the hole is shown as r respectively [ Fig.  1(d) ]. We define the inverse volume filling fraction f of the nanostructured Al ultrathin film in one period as 2 2 2 / 3 f r a π = (the area ratio of the void region and the whole unit cell area). This fraction is the theoretical value of transmittance over nano-films made of perfect electrical conductor, at the ray-optics limit when photons wavelength is much smaller than the hole size. It is however, also related to the sheet resistance sq . Figure 1 (a) shows a sample with period a = 300 nm and radius r = 127 nm, Fig. 1(b) shows a sample with period a = 400 nm and radius r = 163 nm, and Fig. 1(c) shows a sample with period a = 500 nm and radius r = 202 nm respectively. For all three samples, the film thickness is fixed at d = 20 nm. All parameters indicated here are average values due to variations of the fabrication process.
Numerical simulation method
Simulations are performed in one unit cell of the periodic hexagonal nanohole arrays as shown in Fig. 1(d) . In order to compare with the experimental measurements, a substrate of glass with refractive index of 1.5 is included in the simulations and considered as semiinfinite. The refractive index of Al is taken from [45] . The top of the nanostructured Al ultrathin film and the nanohole regions are air. The numerical calculations including the spectra and electric field (E-field) intensity distributions are performed with a full three dimensional finite-difference time-domain (FDTD) method within one unit cell [46] . In numerical simulations, the hole arrays are arranged in x-y plane [ Fig. 1(d) ] and a plane wave light is normally incident from the top of the structure. Here, we only consider the light with polarization in x direction by considering the symmetry of the hexagonal nanohole arrays [35] . In order to fully capture the plasmonic properties, a fine mesh is used in the numerical calculations with 3 nm mesh step in x and y directions and 1 nm mesh step in z direction. The amplitude of the transmitted and reflected light is recorded by a monitor placed in the substrate after the nanostructured Al ultrathin film and a monitor placed before the light source, which are then transformed to frequency domain and normalized to the source power. Correspondingly, we obtain the transmission (T(ω)) and reflection (R(ω)) coefficients. The absorption coefficient A(ω) is then determined by The measured (red) and simulated (blue) transmission spectra of the three samples in Fig.  1 (a)-1(c) are shown in Fig. 2 (a)-2(c) correspondingly. The corresponding simulated absorption and reflection spectra of sample in Fig. 1(a) are shown in Fig. 2(d) . The simulated spectra of the three samples without substrates are also presented as references (black). From Fig. 2(a) where the period a = 300 nm and r = 127 nm with filling fraction f = 65%, it is confirmed that the transmittance is enhanced (> 65%) in a broad wavelength range from 438 nm to 700 nm compared to the direct transmission through the hole arrays. For high transmittance > 60%, the broad band wavelength range is from 430 nm to 750 nm. The measured transmittance agrees well with the simulation result for the long wavelength range down to the onset of the first-order diffraction at the glass substrate (n glass = 1.5) region at λ = 450 nm ( glass n a = ). The reason of the deviation at short wavelength range between the simulated and measured spectra may be because that the measurement fails to capture the offnormal diffracted waves at the substrate region despite having transmitted through the Al film and the waveguided mode excited in the substrate [26] . Additionally, there is a transmission dip around λ = 350 nm for both experimental and simulated transmission spectra, as indicated by a black arrow in Fig. 2(a) while no such transmission dip around λ = 350 nm appears at the transmission spectrum of the suspended Al film without substrate. The transmission dip here is associated with the enhanced absorption and reflection as shown in Fig. 2(d) . For the cases in Fig. 2(b) and Fig. 2(c) , where the periodicities are a = 400 nm or a = 500 nm, respectively, with similar inverse filling fraction f around 60%. According to the simulation results, both samples show broad transmission spectra for wavelengths from 400 nm to 700 nm, however, the measured transmission spectra for both cases are much narrower than the simulated results, and such discrepancy is again more pronounced at the short wavelength range below the onset of first order diffraction glass n a λ < . It is also worth to note that different from the transmission spectrum in Fig. 2(a) where only one transmission dip is shown, in Figs. 2(b) and 2(c), there are two different transmission dips in each transmission spectrum (indicated by the black arrows in both figures). It is well known that periodic structures enable the light to couple to surface plasmon polartions (SPPs). The SPP with wave vector spp k  can be excited, when the incident light of wave vector k  and the reciprocal vector G  of the periodic structure satisfy the momentum-matching condition,
Results and discussion
where k  is the component of k  parallel to the film surface. For normal incidence and hexagonal arrays as we studied here, 0 k =  , the above equation becomes
and G is given by 
where i and j are integers. For ultrathin metal film, the SPPs excited at both Al surfaces couple with each other, and the dispersion relation for the optically thin film with thickness d can be derived for these coupled modes:
hybridized eigenmodes, with their distinct resonance wavelengths resolved by Eq. (5). For periodic arrays with a = 300 nm, the calculated SPP wavelengths are at around λ = 258 nm and λ = 384 nm. For periodic arrays with a = 400 nm, the calculated SPP wavelengths are at around λ = 346 nm and λ = 515 nm. For periodic arrays with a = 500 nm, the calculated SPP wavelengths are at around λ = 427 nm and λ = 647 nm. The calculated SPP resonance wavelengths are all coincide with the corresponding transmission dips in the spectra in Fig.  2(a)-2(c) though for the a = 300 nm structure, the SPP peak at λ = 258 nm is substantially outside the visible spectrum and the relevant wavelength range of TEs, and are excluded from our simulation and measurement that we show in Fig. 2(a) . We further compare the results with the simulated spectra of the corresponding nanostructured Al film without substrate (symmetric structures), the transmission dips at λ = 346 nm for a = 400 nm, and λ = 427 nm for a = 500 nm structures roughly coincide for both the symmetric and asymmetric cases, as shown in Figs. 2(b) and 2(c) respectively. These results confirm that among the pair of the transmission dips, the short-wavelength dips (λ = 346 nm for a = 400 nm structure in Fig.  2 (b) and λ = 427 nm for a = 500nm structure in Fig. 2(c) ) correspond to the hybridized SPPs dominantly excited at air-Al interface, while the long-wavelength dips (λ = 515 nm for a = 400 nm structure in Fig. 2(b) and λ = 647 nm for a = 500 nm structure in Fig. 2(c) ) correspond to the hybridized dips dominantly excited at the glass-Al interface. The SPP resonances can interfere with the direct-path transmission through the hole region and form Fano-type resonances [35, 47] . We believe that the transmission dips are owing to the strong absorption at the SPP resonance, when the momentum-matching condition in Eq. (2) satisfies. Also, strong destructive interference of the excited SPPs and the directly transmitted light leads to strong reflection from the top surface as shown in Fig. 2(d) . Meanwhile, the constructive interference of the excited SPPs and the directly transmitted light contributes to the broadband transmission enhancement for wavelength range larger than the SPP resonance wavelength. The excitation of the SPPs can further be confirmed by the E-field intensity distributions in Fig. 3 at two different wavelengths of λ = 384 nm and λ = 480 nm respectively for the nanostructured Al film with period a = 300 nm, radius r = 127 nm and thickness d = 20 nm on glass substrate. The E-field intensity distributions are obtained in x-z plane at the centre of y direction (y = 0), Al-dielectric interfaces are indicated with white lines. λ = 384 nm corresponds to the wavelength where the transmission dip reaches minimum and λ = 480 nm corresponds to the wavelength where the broadband high transmission reaches the maximum. Figure 3(a) shows the E-field intensity distribution at λ = 384 nm, it is clear that there are strong E-field localization at the interface of Al and the substrate which confirms the excitation of the SPP. The excited SPP resonance enhances absorption in the Al film and introduces an additional transmission path that interfere destructively with the directly transmitted light at the substrate region, enhancing reflection at the top surface of Al film [ Fig. 2(d) ], which attribute to the transmission dip as shown in Fig. 2(a) . Inset of Fig. 3(a) shows the Ez component of the E-field, it clearly demonstrates that the resonant mode is an antisymmetric bonding mode. From E-field intensity distribution in Fig. 3(b) , the E-field intensity is reduced compared to that in Fig. 3(a) . Accordingly, most of the light is transmitted through the optical mode sustained by the nanohole, with constructive interference between the SPP and the directly transmitted light. These are typical characteristics of Fano resonances [35] .
From the view of TEs, the SPPs excitation is an undesirable feature if it appears within the interested wavelength range because the excitation of SPPs will introduce enhanced absorption and reflection which will cause transmission dips in the transmission spectrum. It is better to tune the excitation wavelength of SPP out of the interested wavelength range by using smaller nanohole array period. To evaluate the transmission performance of the nanostructured Al film as TEs, the average transmission from 400 nm to 1000 nm weighted for the AM 1.5 spectrum is calculated. The calculated average transmission is 0.7186, 0.6565 and 0.7098 for the structures with period a = 300 nm and radius r = 127, period a = 400 nm and radius r = 163 and period a = 500 nm and radius r = 202 nm respectively. In this work, nanostructured Al film with period a = 300 nm and radius r = 127 nm is more suitable for TEs. Apart from changing the lattice period, it is reported that if the ratio between hole radius r and period a is large (r/a > 0.45), the transmission dip will disappear and the enhanced broadband transmission background remains at the same wavelength [35] . Fig. 4 shows the transmission spectra of our nanohole ultrathin film for different hole radius r with fixed film thickness d = 20 nm and period a = 500 nm. With the increase of hole radius, the transmission dip at λ = 647 nm becomes weaker and start to disappear when the hole radius reaches r = 220 nm which agrees well with the conclusion in [35] . In the future, we will try to fabricate larger hole radius nanohole arrays and study both transmission and sheet resistance properties. If we can make the hole radius much larger with acceptable sheet resistance (~10 Ω/sq., for example, for solar cell application), larger periods such as a = 400 nm and a = 500 nm are preferred for TEs with broad and high transmittance in both visible and infrared wavelength range. 
Conclusions
In summary, we have fabricated aluminum ultrathin films with hexagonal nanohole arrays and measured the transmission spectra in the wavelength range from 300 nm to 1100 nm. For the period a = 300 nm, radius r = 163 nm and thickness d = 20 nm, the aluminum ultrathin film with hexagonal nanohole arrays shows broad and enhanced transmittance larger than 60% from 430 nm to 750 nm which surpasses the previously reported transmittance of the aluminum nanohole arrays [28] . According to our numerical analysis, the constructive Fanotype interference between the excited surface plasmon polaritons and the directly transmitted light contributes to the broadband enhanced transmittance. Meanwhile, there is a pair of transmission dips which is caused by both enhanced reflection from destructive Fano-type interference between the excited surface plasmon polaritons and the directly transmitted light, and enhanced absorption within the SPP resonance.
